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In multicellular organisms, various compositionally
distinct fluid compartments are established by epithelial
and endothelial cellular sheets. For these cells to
function as barriers, tight junctions (TJs) are considered
to create a primary barrier for the diffusion of solutes
through the paracellular pathway [1–3]. In ultrathin
sections viewed under electron microscopy, TJs appear
as a series of apparent fusions, involving the outer
leaflets of plasma membranes of adjacent cells, to form
the so-called kissing points of TJs, where the
intercellular space is completely obliterated [4]. Claudins
are a family of 16 proteins whose members have been
identified as major integral membrane proteins localized
exclusively at TJs [5–8]. It remains unclear, however,
whether claudins have the cell-adhesion activity that
would explain the unusual intercellular adhesion at TJs.
Using mouse L-fibroblast transfectants expressing
various amounts of claudin-1, -2 or -3, we found that
these claudins possess Ca2+-independent cell-adhesion
activity. Using ultrathin-section electron microscopy, we
observed many kissing points of TJs between adjacent
transfectants. Furthermore, the cell-adhesion activity of
occludin, another integral membrane protein localized at
TJs [9–11], was negligible when compared with that of
claudins. Thus, claudins are responsible for TJ-specific
obliteration of the intercellular space.
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Results and discussion
When observed by freeze-fracture electron microscopy, TJs
appear as a continuous anastomosing network of intramem-
branous particle strands, the so-called TJ strands [12].
Recent transfection experiments suggest that claudins
(~23 kDa) are polymerized within plasma membranes to
form the backbone of TJ strands and that occludin
(~65 kDa) is co-polymerized into the claudin-based TJ
strands [6,13]. Therefore, claudins and occludin are good
candidates for adhesion molecules functioning at TJs to
completely obliterate the intercellular space.
Mouse L fibroblasts are a good system in which to evalu-
ate whether an integral membrane protein possesses
intercellular adhesion activity [14]. Cell-adhesion activ-
ity of L-fibroblast transfectants expressing claudins was
first examined by dissociation assay [15]. For each
claudin species (claudin-1, -2 and -3), we first obtained
three independent clones expressing distinct levels of
the respective claudin (Figure 1a). Confluent cultures of
each clone and parental L cells were treated with 0.01%
trypsin in the presence of 1 mM EDTA at 37°C for
30 minutes, and dissociated by pipetting 10 times. As
shown in Figure 1b, parental L cells were dissociated
completely into single cells, whereas the transfectants
expressing claudins were resistant to mechanical dissoci-
ation. Larger cell aggregates remained in clones express-
ing greater amounts of claudin. Under these dissociation
conditions, claudins on the cell surface were not
degraded (Figure 1c).
The Ca2+-independent cell-adhesion activity of claudins
was confirmed and quantified by a cell re-aggregation
assay. Confluent cultures of C1L-1, C2L-1, C3L-1 and
parental L cells were dissociated under the same condi-
tions used in the cell-dissociation assay. These dissoci-
ated cells were allowed to re-aggregate by rotation
culture at 37°C for 60 minutes. As shown in Figure 2a,
L-fibroblast transfectants expressing claudins began to
re-aggregate within 10 minutes (higher-power images
are shown in the Supplementary material) and then
formed large cell aggregates after 60 minutes of incuba-
tion. Parental L cells did not form such large aggregates.
Next, by cell re-aggregation assay using C1L-3, C2L-3
and C3L-3 cells, which were easily dissociated into
single cells or small cell aggregates (see Figure 1b), we
compared the cell-adhesion activity quantitatively
(Figure 2b). The cell-adhesion activity was represented
by Nt/N0, where Nt and N0 are the total particle
numbers after incubation time t and at the start of the
cell re-aggregation assay, respectively. As shown in
Figure 2b, when compared with parental L cells, all the
transfectants expressing claudins exhibited significant
Ca2+-independent cell-adhesion activity. These findings
indicated that claudins function as intercellular adhesion
molecules in a Ca2+-independent manner.
Previous morphological analyses revealed that the formation
and stabilization of TJs require the Ca2+-dependent cad-
herin-based adherens junctions, although cell adhesion at
TJs itself is Ca2+-independent [16,17]. Two characteristic
features of cell adhesion at TJs in situ should be noted. First,
the cell-adhesion activity of TJs itself is not particularly
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Figure 1
Cell-dissociation assay detects Ca2+-independent cell-adhesion
activity of claudin-1, -2 and -3. (a) Establishment of three independent
clones for each L-fibroblast transfectant expressing claudin-1, -2 or -3.
For each claudin, the three independent clones are designated L-1,
L-2 and L-3; for example, clone 1 of claudin-1 is designated C1L-1.
For each clone, an identical number of cells were lysed, and the
lysates separated by SDS–PAGE followed by immunoblotting with
polyclonal antibodies against claudin-1, -2 or -3. Each lysate was
normalized to the actin band stained with Coomassie brilliant blue
(CBB actin). The relative expression levels of the claudins were C1L-
1>C1L-2>C1L-3, C2L-1>C2L-2>C2L-3, and C3L-1>C3L-2>C3L-3.
(b) Phase-contrast images of dissociated cells. Confluent cultures of
L-fibroblast transfectants and parental L cells were treated with 0.01%
trypsin in HCMF (HEPES-buffered saline free of Ca2+ and Mg2+,
pH 7.5) containing 1 mM EDTA at 37°C for 30 min, followed by
pipetting 10 times [15]. Larger cell aggregates remained in clones
expressing higher amounts of claudin. The bar represents 100 µm. 
(c) Effects of trypsin treatment on claudins. Claudin-1, -2 and 3 were
not degraded by treatment with trypsin under the conditions used in
the cell-dissociation assay. Thus, although there are several trypsin-
sensitive sequences in the extracellular loops of claudins, these
sequences are protected from trypsin, suggesting that the loops might
be in a compact configuration.
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Figure 2
Cell re-aggregation assay quantitatively detects Ca2+-independent
cell-adhesion activities of claudin-1, -2 and -3. (a) Phase-contrast
images of the cell re-aggregation process. C1L-1, C2L-1, C3L-1 and
parental L cells were dissociated as described in Figure 1, and
aliquots of 5 × 105 dissociated cells were plated in each well of Falcon
12-well plates with 1 ml HCMF containing 1 mM EDTA and allowed to
aggregate by rotation at 80 rpm [15]. Aggregation was stopped by
addition of paraformaldehyde to a final concentration of 4%. 
L-fibroblast transfectants expressing claudins, but not parental L cells,
showed marked aggregation under these conditions. The bar
represents 2 µm. (b) Quantification of the re-aggregation activity. 
C1L-3, C2L-3 and C3L-3 cells were subjected to the re-aggregation
assay; these clones were selected because they were more easily
dissociated into single cells or small cell aggregates as shown in
Figure 1. The extent of cell aggregation is represented by Nt/N0, where
Nt and N0 are the total particle numbers after incubation time t and at
the initiation of incubation for cell re-aggregation, respectively. Lower
values on the vertical axis represent higher degrees of aggregation.
Note the high degree of aggregation of C1L-3, C2L-3 and C3L-3 cells.
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strong, which may be the reason why cadherin cell-adhesion
activity is required for their formation and maintenance. In
good agreement with this suggestion, the cell-adhesion
activities of C1L-1, C2L-1 and C3L-1 cells were estimated
to be weaker than that of L-fibroblast transfectants express-
ing E-cadherin, because E-cadherin-based cell aggregates,
but not those based on claudin, adopted compacted forms in
which individual cells could hardly be detected. Second, the
cell-adhesion activity at TJs can bring plasma membranes
very close (up to almost zero distance) to the apposing
membranes to form kissing points. Interestingly, numerous
kissing points were observed under conventional ultrathin-
section electron microscopy between adjacent L-fibroblast
transfectants expressing claudins (Figure 3).
Next, we investigated the cell-adhesion activity of occludin,
another TJ-specific integral membrane protein. Occludin
has been reported to confer cell-adhesion activity to normal
rat kidney cells and Rat-1 fibroblasts expressing cadherins,
but not to L fibroblasts [18]. We compared the cell-adhe-
sion activities of parental L cells and C1L-1 cells with that
of L-fibroblast transfectants expressing large amounts of
occludin (OL cells) [6]. As shown in Figure 4, quantitative
re-aggregation assay revealed that the adhesion activity of
OL cells was almost negligible compared with that of
C1L-3 cells, and was similar to that of parental L cells.
In summary, we have shown here that claudins are major
Ca2+-independent cell-adhesion molecules working at TJs
in situ. Therefore, claudins are involved in two types of
protein–protein interaction; they are associated laterally to
polymerize into TJ strands within plasma membranes, and
these polymerized claudins on apposing membranes
adhere with each other to form paired strands (and kissing
points of TJs).
Supplementary material
Supplementary material including additional methodological details and
a supplementary figure showing higher-power phase-contrast images
of C1L-1, C2L-1 and C3L-1 cells reaggregated for 10 minutes is avail-
able at http://current-biology.com/supmat/supmatin.htm.
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Figure 3
L-fibroblast transfectants expressing claudins show numerous kissing
points of TJs between adjacent cells. (a) C3L-1 cells and
(b) parental L cells were fixed with 2.5% glutaraldehyde and 1%
formaldehyde in 0.1 M cacodylate buffer (pH 7.0), and then processed
for ultrathin-section electron microscopy. Note the series of apparent
fusions (arrowheads), involving the outer leaflets of plasma membranes
of adjacent cells, where the intercellular space was completely
obliterated. The bar represents 100 nm.
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Figure 4
The cell-adhesion activity of L-fibroblast transfectants expressing
occludin (OL cells) is negligible when compared with that of claudin-
expressing L-fibroblast transfectants. Cell re-aggregation assay was
performed for OL, C1L-3 and parental L cells by the method described
in Figure 2. Quantitative analyses using glutathione-S-transferase
(GST) fusion proteins with occludin or claudin-1, respectively, revealed
that OL and C1L-3 cells expressed 3.9 × 10–9 g occludin per cell and
4.5 × 10–9 g claudin-1 per cell. The extent of cell aggregation is
represented by Nt/N0 (see Figure 2), and lower values on the vertical
axis represent higher degrees of aggregation. OL cells, like parental
L cells, showed no detectable cell-aggregation activity. 
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Supplementary materials and methods
Antibodies and cells
Anti-E-cadherin monoclonal antibody (ECCD-2) was a generous gift
from M. Takeichi (Kyoto University). Rabbit anti-mouse claudin-3 poly-
clonal antibody was raised and characterized previously [S1]. To obtain
anti-claudin-1 and anti-claudin-2 polyclonal antibodies, two polypep-
tides, CPRKTTSYPTPRPYPKPTPSSGKD and CSAQQPKAKSEFN-
SYSLTGYV (in the single-letter amino-acid code), which correspond to
the carboxy-terminal cytoplasmic domains of mouse claudin-1 (amino
acids 186–209) and claudin-2 (amino acids 211–230), respectively (a
cysteine residue was added at their amino termini), were synthesized
and coupled through the cysteine residue to keyhole limpet hemocyanin.
These peptides were injected into rabbits and guinea pigs as antigens.
Guinea-pig antiserum to claudin-1 and rabbit antiserum to claudin-2
were affinity-purified on nitrocellulose membranes with GST fusion pro-
teins with the carboxy-terminal cytoplasmic region of claudin-1 (amino
acids 188–211) and claudin-2 (amino acids 189–230), respectively.
Specificities of these anti-claudin polyclonal antibodies were confirmed
(M.F., H.S., and S.T., unpublished data).
Supplementary reference
S1. Morita K, Furuse M, Fujimoto K, Tsukita S: Claudin multigene family
encoding four-transmembrane domain protein components of
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Supplementary material
Figure S1
Claudin-based cell aggregates adopt non-compacted forms, in which
individual cells can be detected. C1L-1, C2L-1 and C3L-1 cells were
allowed to reaggregate for 10 min (see Figure 2a in the paper). Cell
aggregates of similar sizes were selected and enlarged to visualize
individual cells. Phase-contrast images are shown.
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